Abstract. In the framework of dinuclear system (DNS) model we calculate the light charged particle (LCP) multiplicities produced in fusion and quasifission reactions and their kinetic energy spectra. Calculations indicate that with increasing bombarding energy the ratio of LCP multiplicity from fragments M FF to corresponding LCP multiplicity from compound nucleus (CN) M CN strongly increases.
Introduction
The phenomenon of light charged particle emission in low energy nuclear reactions is investigated since many years by many authors. The light particles produced in fusionfission and quasifission reactions may be associated with either pre-equilibrium emission or the later evaporation from thermally equilibrated products. In these reactions particle evaporation arises both from the composite nuclear system and from fission-like fragments produced by fusionfission and quasifission processes [1] [2] [3] [4] [5] [6] [7] . Coincidence measurements have allowed to use particle emission process to probe the very early stage of nuclear reactions and the individual reaction mechanisms. For example, comparison of measured prescission neutron multiplicities with statistical model predictions reveal the importance of nuclear viscosity in fission process and fission delay time was introduced by Kramers into statistical model. Many authors still try to deduce the fission delay time by fitting the experimental light particle multiplicities by statistical model [8] [9] [10] [11] . Consequently, the accuracy of such estimations of fission delay time (nuclear viscosity) is given by statistical models, which has many "not-well-known" parameters allowing to obtain different delay times varying up to 1-3 order of magnitude [12] [13] [14] . Authors of Ref. [15, 16] recently reported, that the statistical model strongly overestimates proton and alpha particle multiplicities in the ER channel, irrespective of the statistical model input parameters and prescriptions used for the level density and the transmission coefficients. It means that the inclusion of the time delay into statistical model to further suppress the fission process will bring to stronger overestimation of multiplicity data in 32 S+ 100 Mo reaction. Fitting the measured light particle multiplicities by any nuclear decay model does not provide accurate information about fission delay time. Better information can be obtained if one fits simultaneously multiplicity data and cross sections for evaporation residues and fission-like fragments.
The distribution of excitation energy between decay fragments plays important role on particle emission process. Such information can be obtained by measuring the a e-mail: shuhrat@theor.jinr.ru LCP multiplicities in coincidence with decay fragments, since the secondary emission of particles depends on available excitation energy of primary decay fragments. Recently, it was reported that the fragments with Z > 10 emits LCPs, while the fragments with Z < 10 do not emit LCPs in the 78,82 Kr + 40 Ca reaction at the bombarding energy 5.5 MeV/nucleon [17, 18] . The secondary emission of LCPs from primary decay fragments affects the odd-even staggering effect in charge distributions of final reaction products. So, the theoretical investigations of LCP emission process allows to interpret the experimental results and play an important role in understanding important aspects of the fragmentation process as the sharing of the excitation energies between both partners, odd-even staggering in charge distributions and viscosity phenomenon.
Recently, we developed a model [19] in the framework of DNS concept [20] to calculate the probabilities of all decay channels (light particle evaporation, complex fragment emission, fission and quasifission) in a unique way. The model has been successfully applied for the description of the charge and mass distributions of final decay products, and the cross sections for evaporation residues and fissionlike fragments [21] [22] [23] . Here we investigate the process of LCP emission from CN and fission-like fragments in fusion and quasifission reactions. We show that the kinetic energy spectra of alpha particles emitted in forward angles from accelerated decay fragments and from direct processes may strongly overlap.
Model
The DNS model [19, 20] describes the evolution of interacting nuclei along two degrees of freedom: the relative distance R coordinate between the center of two nuclei and the charge/mass-asymmetry coordinate, which are defined here by the charge Z and mass A of the light partner of the DNS. After the dissipation of kinetic energy and angular momentum of the relative motion, the DNS is trapped into the pocket of the interaction potential. After the capture stage, there are nucleon drift and nucleon diffusion between the nuclei which constitute the DNS. If the quasifis- sion barriers of DNS configurations are enough high compare to neutron binding energy of CN, then the lifetime of such system is enough long to reach a statistical equilibrium in the mass-asymmetry coordinate. In this case the formation probability P Z,A of each DNS or CN configuration depends on the potential energy U(R m , Z, A, J), calculated with respect to the potential energy of the rotating CN, where R m corresponds to the minima of interaction potential. After the formation of excited CN and DNS configurations, DNS can decay with a probability P R Z,A in R coordinate if the local excitation energy of the DNS is high enough to overcome the quasifission barrier.
So, the cross section of the binary decay is calculated as follows [19] 
where σ cap is the partial capture cross section which defines the transition of the colliding nuclei over the Coulomb barrier and the formation of the initial DNS when the kinetic energy and angular momentum J of the relative motion are transformed into the excitation energy and angular momentum of the DNS. The transition probability is calculated using the Hill-Wheeler formula. W Z,A (E * CN , J) is the formation-decay probability of the CN and DNS configurations, which is calculated as the product of corresponding configuration probability and the decay probability:
where the indexes Z and A goes over all possible channels from the neutron evaporation to the symmetric splitting. The probability P Z,A is the equilibrium limit of the master equation (see [19] for details) given by
Here, the n, p, d and t-evaporation channels are taken into consideration with U(R m , Z, A, J)=0. The quasifission barrier B q f R , calculated as the difference between the bottom of the inner pocket and the top of the external barrier, prevents the decay of the DNS along the R-degree of freedom with the weight P R Z,A given as
In Eqs. R (Z, A, J) is equal to the particle binding energy plus the value of the Coulomb barrier at Z 0. The Fermi-gas model is employed to compute the temperature, with a level-density parameter a = 0.114A + 0.162A 2/3 . In the calculations, we use the formulas (1) and (2) to treat the sequential statistical decay (the evaporation of light particles and/or the binary decay) of the hot CN and DNS. The generation of whole cascade of decay channels is performed by the Monte Carlo method. We continue to trace the decay processes until all fragments become cold (the excitation energy of fragments is smaller than its neutron emission threshold). The number n of generation of the events in the Monte Carlo technique was chosen according to the smallest decay probability which is ∼ 1/n. 
Results
In Table 1 we show the general quantities for the reactions considered in this paper. The maximal angular momentum which contribute to the capture cross section is determined by the minimal value of J kin max , J cr [19] . Note, that in our model the maximal angular momentum is not a fitting parameter but it is determined from kinematic conditions and from the existence of the pocket in nucleus-nucleus interaction potential.
J 0 is the angular momentum at which the potential energy of DNS configuration calculated relatively to CN energy becomes zero. At this value of angular momentum the probability of finding the system in CN and DNS configurations becomes close and the mass/charge distributions of decay products begin to transfer from U-shaped form to bell-shaped one. At higher angular momentums, the symmetric DNS configurations becomes energetically more favorable than CN configuration. In this way, the main source of emitted LCPs change from CN at small angular momentums to fission-like fragments at high angular momentums. In Table 2 it is shown the bombarding energies at which the maximal angular momentum of the reaction correspond to J 0 and J cr for a given reactions. It is very interesting to measure the kinetic energy spectra of LCPs at bombarding energies which correspond to the angular momentums J max < J 0 , J max ≈ J 0 and J max ≈ J cr for observing the change of the form of energy spectra due to the change of main emitting source.
In the Tables 3 and 4 we present the comparison of calculated and experimental total cross sections for evaporation residues, fission-like fragments and LCP multiplicities. The overall agreement of calculated results is rather good, although for some systems the disagreement is almost factor of 2-3. For example, for 40 Ar+ nat Ag system at given bombarding energies, our model underestimate the evaporation residues cross sections and reproduce very 09002-p.2 well the cross sections for fission-like fragments, while for a system 40 Ar+ 164 Dy this trend is opposite. The LCPs multiplicities should have the same trend for this reactions, since the multiplicities and corresponding total cross sections are correlated with each other. For 40 Ar+ nat Ag system, alpha particle multiplicities repeat the same tendency as for cross sections, but calculated multiplicities for protons are higher then experimental values. Almost in all cases calculated LCPs multiplicities from fission-like fragments overestimate the experimental values. Since the experimental multiplicities of LCPs are obtained with the procedure of extracting evaporation and direct components from the whole particle energy spectra, the calculation of kinetic energy spectra of LCPs in the framework of our model is very demanding to resolve the origin of such discrepancies. The analysis of kinetic energy spectra of emitted LCPs in the framework of our model is our future aim.
In figure 1 we present the dependence of LCP multiplicities for 40 Ar+ nat Ag system from bombarding energy. With increasing bombarding energy, the proton and alpha particle multiplicities from fission-like fragments strongly increases. This is due to the increase of angular momentum, since with increasing angular momentum, probability of finding the system in symmetric DNS configurations strongly increases and quasifission products become the main source of emitted LCPs.
Conclusion
In the framework of DNS model we investigate the emission of LCPs from excited CN and fission-like fragments in fusion and quasifission reactions. The calculated total cross sections for evaporation residues, fission like fragments and LCPs multiplicities are in good agreement with experimental data, although in some cases the disagreement is up to factor of 2-3. Calculation show that the with increasing bombarding energy the ratio of LCP multiplicity from fragments M FF to corresponding LCP multiplicity from compound nucleus (CN) M CN strongly increases due to the increase of quasifission probability. With increasing bombarding energy, the kinetic energy spectra of emitted LCPs should also change the form and peak positions due to the change of main emitting source of LCPs. 
